Blockade of nitric oxide reduces renal blood flow, but the site or sites at which nitric oxide alters renal vascular resistance are unknown. The effects of A^-nitro-L-arginine (100 /uM), an inhibitor of nitric oxide synthesis, on the pressure-diameter relation of renal arterioles was studied using a rat juxtamedullary microvascular preparation perfused in vitro with a physiological salt solution containing 5% albumin. The basal diameters of the main arcuate and interlobular arteries and the proximal and distal afferent arterioles averaged 438±26, 64±4, 30±l, and 20±l fun, respectively, at a perfusion pressure of 80 mm Hg. The diameters of the arcuate and interlobular arteries increased by 14 ±2% and 7 ±2%, whereas the proximal and distal afferent arterioles decreased by 3±1% and 7±2% when perfusion pressure was elevated to 160 mm Hg. Nitro-arginine had no effect on the basal diameters of arcuate and interlobular arteries. Nitro-arginine reduced the diameters of afferent arterioles by 7 ±2% at all perfusion pressures studied. Nitro-arginine increased active vascular tone in the interlobular artery and afferent arterioles and enhanced autoregulation of glomerular capillary pressure. L-Arginine (1 mM), the precursor to nitric oxide production, reversed the effects of nitro-arginine. These findings suggest that nitric oxide modulates vascular tone of the interlobular artery and afferent arterioles of deep nephrons and influences the ability of the preglomerular vasculature to autoregulate glomerular capillary pressure. 2 The vasodilator and diuretic responses to intrarenal infusion of the endothelium-dependent vasodilators acetylcholine and bradykinin are dependent on NO release.
V ascular endothelial cells release an endothelium-derived relaxing factor, which has identical properties as nitric oxide (NO). 1 NO is thought to be tonically released from the endothelium 2 and influences vascular tone. 2 The vasodilator and diuretic responses to intrarenal infusion of the endothelium-dependent vasodilators acetylcholine and bradykinin are dependent on NO release. 3 " 5 Recently, the renal circulation has been shown to be especially sensitive to inhibition of NO production. Renal blood flow 5 -6 and to a lesser extent glomerular filtration rate 7 are reduced after administration of //-nitro-arginine or TV-monomethyl-L-arginine; however, the sites in the renal circulation at which NO influences vascular tone have not been identified. The present study examined the effects of inhibition of NO production on pressurediameter relations in the renal circulation using the juxtamedullary nephron microvascular preparation perfused in vitro with a cell-free physiological salt solution (PSS) containing 5% albumin.
Methods Experiments were performed on 22 Sprague-Dawley rats (Harlan Sprague Dawley, Inc., Indianapolis, Ind.) weighing an average of 327±13 g. The rats were anes-thetized with pentobarbital (65 mg/kg body wt i.p.), and the left kidney was isolated and perfused for study of the juxtamedullary vasculature according to the method of Casellas and Navar 8 as modified by Sanchez-Ferrer et al. 9 The kidney was perfused with cell-free PSS as previously described 10 that was supplemented with a mixture of L-amino acids (except L-arginine) to support tubular function. 11 Perfusion pressure was continuously monitored with a pressure transducer. The kidney was removed from the rat, placed in an organ chamber, and superfused with PSS that was equilibrated with 95% O 2 -5% CO 2 (pH 7.4).
The isolated vascular segment was pressurized to 80 mm Hg, and 0.02% fluorescein isothiocyanate-labeled -y-globulin was added to the perfusate to allow the vascular diameters to be measured with fluorescent videomicroscopy as previously described. 10 After a 60-minute equilibration period, the control relation between vascular diameter and perfusion pressure was determined at pressures of 80, 120, and 160 mm Hg. After the pressure was changed, an equilibration period of 5 minutes was allowed before the new diameter measurements were taken.
After the control pressure-diameter relations were determined, the effects of addition of iV"-nitro-L-arginine (L-NOARG, 100 /xM) to the perfusate were studied. Then, L-arginine (1 mM), the precursor of NO production, was added to the perfusate to determine if the effects of L-NOARG could be reversed. The perfusate and bath then were changed to a calcium-free solution, and the pressure-diameter relations were re- determined to determine the degree of active vascular tone in the preparation.
Vascular Pressure Measurements
Pressures were measured with a servonull micropipette pressure system (model 5A, Instrumentation for Physiology & Medicine, Inc., San Diego, Calif.) and siliconized glass micropipettes (1-3 um o.d.). In these experiments, the preparation was illuminated with a fiber-optic light and viewed through a binocular microscope (DCR Stereomicroscope, Carl Zeiss, Oberkochen, FRG). In each experiment, glomerular capillary pressure was measured at perfusion pressures of 80, 120, and 160 mm Hg. Then, paired pressure measurements were obtained at upstream vascular sites (distal afferent arteriole, proximal afferent arteriole, interlobular and main arcuate arteries) at each level of perfusion pressure. Experiments were performed in preparations perfused with PSS (n=4), PSS plus L-NOARG (n=4), and calcium-free PSS (n=4).
Glomerular capillary pressure autoregulatory indexes were calculated using the following formula:
where GCP AI is glomerular capillary pressure autoregulatory indexes, RPP, is renal perfusion pressure of 80 mm Hg, and RPP 2 is renal perfusion pressure of 160 mm Hg. An autoregulatory index of 0 indicates perfect autoregulation of glomerular capillary pressure, and an index of 1 is indicative of a rigid system.
Active wall tension in vascular segments was calculated using the following equation:
where T o is the active wall tension, P is the mean intravascular pressure, and R, and Rp are the radii of the vessels measured in PSS or PSS plus L-NOARG and in calcium-free PSS, respectively. 12 Data are presented as mean±SEM. Significance of differences in mean values between groups was evaluated with twoway analysis of variance for repeated measures followed by Duncan's multiple range test. A value of p<0.05 was considered statistically significant. Figure 1 summarizes the effects of blockade of NO production with L-NOARG on the pressure-diameter relations of the preglomerular vasculature of deep nephrons. Under control conditions, the diameters of the main arcuate and interlobular arteries increased by 14% and 6%, respectively, when perfusion pressure was increased from 80 to 160 mm Hg. In contrast, the diameters of the proximal and distal afferent arterioles decreased by 3% and 7%, respectively, in response to the same stimulus. Addition of L-NOARG to the perfusate had no effect on the basal diameters of the arcuate and interlobular arteries (measured at 80 mm Hg). However, the diameter of the interlobular arteries decreased by 2% rather than increased in the presence of L-NOARG when perfusion pressure was elevated from 80 to 160 mm Hg. L-NOARG reduced the basal diameters of afferent arterioles by 7%, but it did not alter their response to an elevation in perfusion pressure. Addition of L-arginine to the perfusate completely reversed the effects of L-NOARG. Removal of calcium from the perfusate and bath increased the diameters of all vascular segments at all perfusion pressures studied. mm Hg at a pressure of 80 mm Hg. Most of the preglomerular pressure drop (67%) occurred along the afferent arteriole (18 mm Hg proximal and 7 mm Hg distal portion). When perfusion pressure was elevated to 160 mm Hg, the pressure drop along the afferent arteriole doubled (29 mm Hg proximal and 20 mm Hg distal portion), and glomerular capillary pressure was well autoregulated (GCP AI, 0.22±0.02) and increased by only 10 mm Hg.
Results
L-NOARG had no effect on the pressure distribution within the preglomerular vasculature at a control perfusion pressure of 80 mm Hg (Table 1) . However, autoregulation of glomerular capillary pressure was significantly enhanced, and GCP AI decreased to 0.02±0.04. Glomerular capillary pressure increased by only 1 mm Hg when perfusion pressure was raised from 80 to 160 mm Hg in these kidneys. This was due to an increase of 8 mm Hg in the pressure drop along the proximal portion of the afferent arteriole, which resulted in a significantly lower pressure presented to the distal afferent arteriole in comparison with PSS-perfused preparation.
Pressures were elevated in the afferent arterioles and glomerulus at all perfusion pressures studied compared with corresponding values in PSS-and L-NOARGperfused vasculatures when calcium was removed from the perfusate and bath. Under these conditions, glomerular capillary pressure was poorly autoregulated (GCP AI, 0.53±0.03), as it increased by 30 mm Hg when perfusion pressure was elevated from 80 to 160 mm Hg. Although poorly autoregulated, the calcium-free GCP AI indicates that there is significant autoregulation due to the inherent structural arrangement of the juxtamedullary vasculature.
Measurement of pressures and diameters at each vascular site allow for determination of active wall tension (Figure 2 ). There was significant basal active tone in all segments of the renal vasculature at a perfusion pressure of 80 mm Hg. Moreover, each segment exhibited a myogenic response and increased active wall tension after elevations in perfusion pressure. L-NOARG had no effect on active tone in the arcuate arteries. In interlobular arteries, L-NOARG had no effect on basal tone, but it did significantlŷ increase active wall tension when perfusion pressure was increased to 160 mm Hg. In afferent arterioles, L-NOARG significantly enhanced basal active wall tension, but it did not alter the response to elevations in perfusion pressure.
Discussion
Recent studies have demonstrated that NO is tonically released and influences renal hemodynamics.
5
- 7 Acute blockade of NO synthesis in rats reduces renal blood flow 5 ' 6 and glomerular filtration rate. 7 The present study examined potential sites of action of NO in the renal circulation using the juxtamedullary microvascular preparation perfused in vitro with a cell-free perfusate.
In the present study, addition of L-NOARG to the perfusate reduced the diameter of the afferent arterioles at all perfusion pressures studied, whereas the diameter of the arcuate and interlobular arteries was not significantly altered. L-Arginine completely reversed the effects of L-NOARG. These findings are consistent with a recent report that the diameter of in vitro perfused rabbit afferent arterioles is reduced by inhibitors of NO production. 13 ' 14 To examine the functional significance of these changes in afferent arteriolar diameter, we studied the effects of L-NOARG on the pressure distribution within the juxtamedullary vasculature and on autoregulation of glomerular capillary pressure. Under control conditions (PSS at 80 mm Hg), most of the preglomerular pressure drop occurred along the afferent arteriole. Glomerular capillary pressure was well autoregulated and increased by only 10 mm Hg in response to an elevation in perfusion pressure from 80 to 160 mm Hg. Inhibition of NO synthesis significantly enhanced autoregulation of glomerular capillary pressure. Glomerular capillary pressure increased by only 1 mm Hg when perfusion pressure was increased over this same range. The potentiation of the autoregulatory response by L-NOARG appears to be due to enhanced active vascular tone and reduced diameter of the afferent arteriole, which increased the pressure drop along its length.
Recent results have demonstrated that endotheliumderived relaxing factor modulates the vasoconstrictor effects of angiotensin II 14 and endothelin 13 on the afferent arteriole. Romero et al 15 have also suggested that NO release may be stimulated after elevations in perfusion pressure and may oppose renal autoregulation. The present results indicating that autoregulation of glomerular capillary pressure in the in vitro perfused juxtamedullary microvascular preparation was improved by L-NOARG support this view.
The extent to which the present in vitro findings can be applied to the in vivo situation and the suitability of the isolated juxtamedullary preparation as a model for renal autoregulation in vivo remains to be determined. In a recent mathematical modeling study, we reported that the degree of constriction of the afferent arteriole in response to elevations in perfusion pressure is about half of that needed to explain the observed degree of glomerular capillary pressure autoregulation 16 and that some other mechanism may be involved. One possibility is that postglomerular resistance may decrease slightly with elevations in perfusion pressure so that glomerular capillary pressure but not flow is autoregulated in this preparation. Another possibility is that the network basis of the renal circulation provides some degree of structural autoregulation such that elevations in perfusion pressure redistribute flow from areas of the preparation exhibiting autoregulation toward other regions not under study. The present findings indicating substantial autoregulation of glomerular capillary pressure in this preparation after removal of calcium from the perfusate and bath are consistent with this interpretation.
To further examine whether shear-related changes in NO release may oppose autoregulatory responses, the effects of L-NOARG on active wall tension at various sites in the renal vasculature were determined as a function of perfusion pressure. Even though arcuate and interlobular arteries did not constrict after an elevation in perfusion pressure, all segments of the renal vasculature responded with an increase in active wall tension. L-NOARG had little effect on active tone in the main arcuate arteries, but it did augment active wall tension at elevated perfusion pressures in interlobular arteries. The major effect of L-NOARG, however, was to increase active vascular tone in the afferent arteriole without altering its response to changes in perfusion pressure.
These results suggest that NO is tonically released and is a determinant of vascular tone in afferent arterioles under the present experimental conditions. The enhanced autoregulation of glomerular capillary pressure after inhibition of NO synthesis was likely due to a decrease in the diameters and increase in pressure drop along the length of the afferent arteriole rather than to a potentiation of their myogenic or tubuloglomerular feedback response to changes in perfusion pressure.
In summary, these results suggest that NO alters primarily vascular tone in the afferent arterioles in the juxtamedullary microvasculature of the rat perfused in vitro with a cell-free media and thereby modifies the ability of the preglomerular vasculature to autoregulate glomerular capillary pressure.
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Nitric oxide modulates vascular tone in preglomerular arterioles.
